We report on the analysis of several sequences of broadband visible images of comet C/2012 S1 (ISON) taken with the Wide Field Camera 3 of the Hubble Space Telescope on 2013 April 10, May 8, October 9, and November 1 in an attempt to detect and characterize its nucleus. Whereas the overwhelming coma precluded the detection of the nucleus in the first two sequences, the contrast was sufficient in early October to unambiguously retrieve the signal from the nucleus. Two images taken within a few minutes led to similar V magnitudes for the nucleus of 21.97 and 22.0 with a 1σ uncertainty of 0.065. Assuming a standard value for the geometric albedo (0.04) and a linear phase function with a coefficient of 0.04 mag deg −1 , these V values imply that the nucleus radius is 0.68 ± 0.02 km. Although this result does depend on these two assumptions, we argue that the radius most likely lies in the range 0.6-0.9 km. This result is consistent with the constraints derived from the water production rates reported by Combi et al. The last sequence of images in 2013 November revealed temporal variation of the innermost coma. If attributed to a single rotating jet, this coma brightness variation suggests the rotational period of the nucleus may be close to ∼10.4 hr.
INTRODUCTION
Comet C/2012 S1 (ISON; hereafter C/ISON) was discovered on 2012 September 21 by Nevski and Novichonok of the International Scientific Optical Network (ISON) in Kislovodsk, Russia ) at a heliocentric distance of 6.2 AU with subsequent detections on pre-discovery images at 9.4 AU from the Sun. Orbital analysis indicated that C/2012 S1 was an extraordinary object, being both a dynamically new nearly isotropic comet ("NIC" using the dynamics-based classification scheme of Levison 1996) , owing to its estimated eccentricity of 1.0000003 at 80 AU (later refined to 0.9999946), and a sungrazing comet, owing to its perihelion distance of 0.0124 AU (2.68 R from the center of the Sun). The vast majority of the sungrazing comets belong to the Kreutz group, whose major members include some of the brightest comets in history (e.g., the great comet of 1882 C/1882 R1, C/1965 S1 (Ikeya-Seki), C/2011 W3 (Lovejoy)) but also thousands of much smaller comets only observed for hours to days by space-based coronagraphs before disappearing near perihelion (Biesecker et al. 2002; Knight et al. 2010) . With an inclination of 62
• , C/ISON is not a member of the Kreutz family ( i = 146
• ), and its perihelion distance q = 2.68 R is also larger than the typical value of Kreutz comets (∼1.1-1.7 R ). The only known sungrazing comet whose orbit is roughly similar to that of C/ISON is the great comet of 1680 (C/1680 V1) with q = 1.34 R and i = 60.
• 7. In addition, with longitude and latitude of perihelion [L π , B π ] equal to [272 • , −8.
• 2] for C/ISON and [289 • , −12.
• 8] for C/1680 V1, their lines of apsides have roughly the same orientation, which is often considered a valid criterion for a genetic association.
However, comparisons of the semi-major axis and period of a "typical" Oort Cloud comet (∼10,000 AU, ∼900,000 yr) to those of C/1680 V1 (444 AU, ∼10,000 yr) make it extremely unlikely that C/ISON and C/1680 V1 are associated. C/ISON is more likely a unique, dynamically new NIC directly injected on a sungrazing orbit and making its first passage through the inner solar system. Since comets originate from two different reservoirs, most likely the "scattered disk" component of the Edgeworth-Kuiper Belt for the ecliptic comets (ECs) and the Oort Cloud for the NICs, the question naturally arises as to whether there are intrinsic differences between the two populations. Arguments have been presented suggesting that ECs and NICs have different physical properties (e.g., Weissman 1980; Levison et al. 2002) , but convincing, direct evidence of such differences has not yet been found. Investigating possible correlations of the physical properties of nuclei with the comet's formation site and its subsequent evolution is a prerequisite for developing a comprehensive theory for the formation of the solar system, and this motivated our attempt to detect and characterize the nucleus of C/ISON, taking advantage of the superior spatial resolution offered by the Hubble Space Telescope (HST) to "photometrically resolve" the nucleus in the presence of a surrounding coma, as we have done for other comets (e.g., Lamy et al. 2011 and references therein).
OBSERVATIONS AND DATA ANALYSIS
At small heliocentric distances, the nuclei of sungrazing comets experience tremendous insolation from the Sun and strong tidal stress that may result in their splitting into several fragments (e.g., the great comet of 1882 and IkeyaSeki), or even their complete disintegration (e.g., C/2011 W3 (Lovejoy)). In early 2013 when HST observations of C/ISON were being considered, the very bright nuclear magnitudes (Table 1) . The first set, taken on 2013 April 10, has already been analyzed by Li et al. (2013) to characterize the dust coma. The other two sets were obtained on 2013 May 8 and October 9 as part of a "Hubble Heritage" program. 4 The filters used for the WFC3 programs are F606W, F775W, and F350LP with pivot wavelengths of 588.7, 764.7, and 584.6 nm, respectively, and with equivalent widths of 218.2, 117.1, and 475.8 nm, respectively (Dressel 2012) . Figure 1 illustrates one of the F775W images used to detect the nucleus, as discussed below. We also analyzed a set of acquisition and context images taken with the CCD camera of the Space Telescope Imaging Spectrograph (STIS) on 2013 November 1 (taken for a spectroscopic program GO-13492), as they provide information on the rotational period of the comet.
All WFC3 images were calibrated by the automated calibration pipeline at the Space Telescope Science Institute (STScI) to remove the dark current and detector bias and apply a flat-field correction (Rajan et al. 2011 ). We did not correct the images for the geometric distortion of the WFC3 in order to avoid a resampling operation that may alter the critical peak pixels where the nucleus signal has to be retrieved.
For our analysis, we applied our standard method of fitting a parametric model of the surface brightness to the observed images (Lamy et al. 2011 and references therein). The model brightness distribution is given by
where PSF denotes the point-spread function of the telescope and ⊗ represents the convolution operator. The nucleus is not resolved so that
where δ is the Dirac's delta function, ρ is the radial distance from the center, and k n is a scaling factor. The innermost coma of C/ISON is circularly symmetric, so we adopted a simple isotropic model:
where k c is a scaling factor for the coma and p the power exponent of the brightness variation versus distance from the nucleus (opto-center) in the image plane. p = −1 corresponds to a steady-state, spherically symmetric outflow from the nucleus with constant velocity. To account for the sub-pixel location of the nucleus, which may cause a marked asymmetry of the brightness profiles, the model images were generated on a grid nine times finer than the original WFC3 pixel. The ρ p function was rigorously calculated in the central 3 × 3 native pixels to take into account the finite extent of the pixels; this effect is negligible beyond this central area. Further details on the fitting process are extensively discussed in our previous work (Lamy et al. 2011 and references therein). Altogether, we fit a total of 22 WFC3 images. The PSF of the telescope was modeled using version 7.5 of the TinyTIM software (Krist 1995) , which includes telescope pointing jitter and defocus due to telescope temperature variations, or "breathing" (Dressel 2012 ). We have not previously considered this breathing effect in our analysis of comet images, so we address it here. The changes in the telescope focus depend on the recent pointing and thermal history and are difficult to predict from the telescope temperature readings. Even the slew to the target can cause changes in focus on a variety of timescales that cannot be accurately predicted, so the focus model maintained at the STScI is not very useful for our purposes. No stars are present in the small field-of-view of our images, making an independent verification of the defocusing impossible. We must therefore rely on the statistical analysis of Dressel (2012) , and particularly her Figure 13 . Based on two months of observations, the histogram of the focus extends over ±7 μm (worst case). Thus, we used five different model PSFs for our analysis, the nominal one (no defocus) and four with defocus of ±2 μm and ±4 μm, which should reasonably sample the most likely situations.
Absolute magnitudes for the nucleus were derived from the k n PSF images, which measure the brightness of the nucleus as it would be observed by HST in the absence of coma. Unlike the Wide Field Planetary Camera 2 and the Advanced Camera for Surveys, whose calibrations are extensively documented (Holtzman et al. 1995 for the former, and Sirianni et al. 2005 for the latter), this is unfortunately not yet the case for the WFC3. We used the WFC3 exposure time calculator (ETC) to determine the absolute calibration for the images, adopting a solar-type spectrum for C/ISON (an assumption to be addressed later).
PROPERTIES OF THE NUCLEUS OF C/ISON

Detection and Photometric Properties
The 20 images of the 2013 April and May campaigns were all analyzed but failed to reveal a nucleus. As illustrated in Figure 2 , the radial brightness profiles for the April images (the same is true for the May images, although not plotted here) could be fit with a coma alone, adopting a power exponent of p = −1, which implies a steady-state, spherically symmetric outflow from the nucleus with constant velocity. In contrast, the radial profiles for the images obtained in 2013 October (see Figure 2 ), provide unambiguous evidence that reflection from the nucleus has been detected, with the nucleus and coma contributing almost equally to the brightness of the peak pixel. This positive detection most likely resulted from the much reduced geocentric distance of the comet (more than two times closer compared to the April and May observations), which enhanced the contrast of the nucleus over the coma. The two images taken in October, separated by only four minutes, yielded similar V magnitudes, 21.97 and 22.0, respectively. No jitter was required to improve the fits, consistent with the relatively short exposures of 60 s. The impact of possible defocus of ±2 μm and ±4 μm is quantified in Table 2 and is very small, typically 0.02 mag in the first case and 0.04 mag in the second case.
The uncertainty in the magnitudes includes the noise of the signal (0.02 mag), the fitting procedure (0.02 mag), the absolute calibration uncertainty of 5% (as also adopted by Li et al. 2013) , and defocus effects (0.03 mag). Combining these different errors in quadrature yields a total 1σ uncertainty of ∼0.065 mag. We assumed solar colors for the nucleus when converting the instrumental magnitude to standard V band as the color of the Using the WFC3 ETC, we found that a similar reddening for C/ISON would reduce the size of the nucleus by ∼6%, a minor effect.
Size of the Nucleus
The apparent V magnitude of a body is related to its physical properties by (Russell 1916; Keller 1990; Lamy et al. 2004 )
where p V is the geometric albedo in the V band, Φ(α) is the phase function at phase angle α (deg) in the same band, r n is the nucleus radius (m); r h , Δ are the heliocentric and geocentric distances (AU); V Sun is the apparent V magnitude of the Sun (−26.74), and V Nuc is the apparent V magnitude of the nucleus. We assumed p V = 0.04, which is consistent with the low albedo of cometary nuclei and with the value estimated for C/1995 O1 (Hale-Bopp) albeit with a large uncertainty of 0.03 (Lamy et al. 2004) , and a linear phase function Φ(α) = 10 −0.4αβ with a phase coefficient β = 0.04 mag deg −1 , as used in our previous work.
Our two nominal magnitudes lead to the same radius of 0.68 ± 0.02 km, with the uncertainty derived as discussed above. However, our result is further affected by our assumptions for the geometric albedo and the phase function, which adds systematic error. Here again our knowledge of the photometric properties of the new NICs is extremely limited, and we simply attempt to bracket the impact of these two parameters. An albedo of 0.03, as determined for C/1983 H1 IRAS-Araki-Alcock and C/2001 OG108 (LONEOS; see the compilation by Lamy et al. 2004) , increases the radius to 0.79 km. The phase function has potentially a stronger impact owing to the fairly large phase angle (31 • ) at which the observations were performed. For example, a phase coefficient β = 0.03 mag deg −1 reduces the radius to 0.60 km, whereas an extreme value β = 0.06 mag deg −1 increases it to 0.90 km.
Our "snapshot" observations yield an effective radius r n,a , defined as the radius of a disk having the same instantaneous projected area as the observed nucleus. It ranges between √ ab and b for a spheroid of semiaxes a and b = c with its spin axis along one of its short axes perpendicular to the direction to the Earth. As discussed by Lowry & Weissman (2003) and Lamy et al. (2004) , a snapshot observation leads, on average, to an instantaneous projected area close to the maximum crosssection √ πab, and the effective radius r n,a gives, on average, an excellent estimate of the effective radius of the equivalent sphere r n,v .
Possible Rotational Period of the Nucleus
Nine images were obtained on 2013 November 1 with the acquisition camera of STIS. The passband of the F28X50LP filter extends from 200 to 1100 nm with a maximum quantum efficiency near 600 nm. The flux calculated in a 5 pixel (0. 25) radius aperture centered on the peak pixel displays a conspicuous temporal variation as illustrated in Figure 3 . A simple sine curve fit to the data yields a period of 10.4 hr and is confirmed by a Lomb-Scargle periodogram, although the range of possible solutions is fairly broad. Based on the radial profiles of the nucleus and the coma of Figure 2 extrapolated to the case of the STIS camera, the signal in the above 5 pixel aperture is completely dominated by the coma, so it is unlikely that the observed temporal variation is due to the varying cross-section of the nucleus. Instead, this apparent variation can be tentatively attributed to a single rotating jet. Indeed, the ratio of the image displayed in Figure 3 to another STIS CCD image taken 4.785 hr later reveals that the coma brightness is enhanced by a factor of ∼1.8 at a distance of ∼150 km from the nucleus in the sunward direction, which we interpret as a jet, or active region, emitting additional grains in the first image. If our interpretation is correct, this would imply that the derived period of ∼10.4 hr corresponds to the synodic period of rotation of the nucleus of C/ISON.
DISCUSSION
There is other evidence supporting the contention that C/ISON has a very small nucleus. Kelley et al. (2014) used the HST observations of 2013 April 10 to place an upper limit of 2 km on its radius. Another estimate comes from images obtained during 2013 September 29 to October 2 with the HiRISE camera on the Mars Reconnaissance Orbiter spacecraft. Assuming a geometric albedo of 0.03 and a linear phase law with a coefficient of 0.04 mag deg −1 , and assuming the observed signal in the peak pixel (0 2) is attributed entirely to the nucleus, Delamere et al. (2013) derived an upper limit on the diameter ranging from 1 to 3 km. On the one hand, the corresponding radius range (scaled to an albedo of 0.04) of 0.4 to 0.54 km is compatible with our result. On the other hand, the observed signal included a contribution from the coma, in addition to the nucleus. Another important point is the very large phase angles at which the HiRISE observations were made, ranging from 47
• to 51 •• ; it is unclear whether a simple linear phase law is valid at such large angles. Combi et al. (2014) monitored the water production rate of C/ISON with the SWAN hydrogen Lyα imager aboard Solar and Heliospheric Observatory, from which they derived constraints on the size of the nucleus using two different procedures. The total water mass loss through perihelion gives a minimum radius of 0.28, 0.35, and 0.4 km, assuming a sphere composed of respectively 100%, 50%, and 33% water ice by mass. Alternatively, the active area estimated on 2013 October 24 gives a maximum radius of 0.72, 1.02, and 1.25 km for the three above cases. This is in remarkable agreement with our determination and further supports a realistic composition of the nucleus: whereas a 100% water ice model is marginally compatible with our result, the much more realistic cases of 50% and 33% water ice nicely bracket our result. This consistency between the Hubble and SWAN results, based on totally different types of observations requiring different types of interpretations, is rather encouraging with respect to ascertaining the basic physical properties of the nucleus of C/ISON. Our Hubble result supports the scenario proposed by Combi et al. (2014) , which distinguishes two periods of activity of the comet: water-driven sublimation from the nucleus until November 12, followed by massive fragmentation that greatly increased the total active surface and the water production rate until total disintegration near perihelion.
According to the review of Lamy et al. (2004) , the radii of the 13 detected NIC nuclei extend over a broad range, from 0.37 to 37 km with two sub-kilometer objects: C/1983 J1 (Sugano-Saigusa-Fujikawa) with a radius of 0.37 km and C/1999 S4 (LINEAR) with a radius of 0.4 km. With a radius of ∼0.7 km, C/ISON reinforces the view that very small objects are present in the Oort Cloud.
The estimated rotational period of ∼10.4 hr is also well within the range of 6.27-57.19 hr determined for NICs and is comparable to that of C/1995 O1 (Hale-Bopp): 11.34 hr (Lamy et al. 2004 ).
